intensity-modulated radiotherapy with simultaneous integrated boost (iMRt-SiB) reduces overall treatment duration and results in less radiotherapy (RT)-induced dermatitis. However, the use of traditional sequential approach or iMRt-SiB is still under debate since there is not enough evidence of long-term clinical outcomes. The present study investigated 216 patients who underwent breast conserving surgery (BCS) between 2010 and 2013. The median age was 51 years (range, 21-81 years). All patients received IMRT-SIB, 50.4 Gy at 1.8 Gy per fraction to the whole breast and 60.2 Gy at 2.15 Gy per fraction to the tumor bed by integral boost. Among 216 patients, 175 patients received post-operative RT with forward IMRT and 41 patients had Tomotherapy. The median follow-up was 6.4 years. Forty patients (97.6%) in the Tomotherapy arm and 147 patients (84%) in the IMRT arm developed grade 0-1 skin toxicity (P = 0.021). For the entire cohort, the 5-year and 7-year overall survival (OS) rates were 94.4% and 93.1% respectively. The 7-year distant metastasis-free survival rates were 100% vs 89.1% in the tomotherapy and iMRt arm respectively (P = 0.028). In conclusion, Tomotherapy improved acute skin toxicity compared with forward IMRT-SIB. Chronic skin complication was 1.9%. IMRT-SIB resulted in good long-term survival.
so-called IMRT with simultaneous integrated boost (SIB). SIB with more homogeneous dose distributions has been implemented in clinical routines nowadays 11 . The rationale of IMRT-SIB is the reduction of overall treatment duration in view of less RT-induced side effect; nonetheless, the use of sequential or SIB in patients treated with hypofractionated RT is still under debate since there is not enough evidence of long-term survival.
To the best of our knowledge, no evaluation of long-term survival between forward and inverse IMRT-SIB has been reported. We previously demonstrated that conventional RT with sequential boost for post-operative treatment of breast cancer resulted in more severe acute dermatological toxicity compared to IMRT-SIB 12 . The endpoints of this study are the long-term survival rates after forward IMRT-SIB or inverse IMRT-SIB performed by Tomotherapy.
Methods
patients. This retrospective study comprised 216 consecutive female patients who were diagnosed with pathologically-proven breast cancer between March 2010 and June 2013. The exclusion criteria included excluding patients with synchronous bilateral breast cancer, or a history of previous irradiation to the thorax, or neo-adjuvant chemotherapy. We staged all patients by the 2010 TNM classification system (AJCC 7) 13 and collected the data regarding post-RT acute and chronic skin reaction, date of diagnosis, adjuvant chemotherapy, hormonal treatment, RT treatment planning, pathological reports including primary surgery, hormonal receptor status and Human epidermal growth factor receptor 2 (Her2) over-expression status. The study was approved by the Ethical and Research Committee in the university hospital (KMUHIRB-E(I)-20190053) and it was conducted under compliance of the Institutional Review Board regulations in accordance with the Helsinki Declaration of 1975 as revised in 1983. All the patients provided written informed consent for treatment prior to surgery and RT. All data approved by the Ethical committee were anonymized and de-identified for analysis.
Radiotherapy.
All patients in this study were treated with a plan that integrated both breast and boost beams individually designed for herself. The fractionation schemes were 60.2 Gy to the tumor bed and 50.4 Gy to the whole breast. Such scheme was biologically equivalent to the traditional sequential boost-technique consisting of 50 Gy to the whole breast followed by a boost irradiation of 12 Gy in 6 fractions, using an alpha/beta ratio of 4 Gy for tumor response 14 . We recorded acute and chronic skin reactions during routine follow-up in accordance with the Common Terminology Criteria of Adverse Events version 4.03 (CTCAE v4.03).
After all organs at risks (OAR) and region of interest were contoured manually from axial-computed tomography (CT) images 12 , we utilized the Hi-Art helical Tomotherapy, version 2.2.4.1 (TomoTherapy, Inc., Madison, WI) unit or Eclipse, version 8.6 (Varian medical Systems Inc., Palo Alto, USA) to make IMRT-SIB treatment plans. IMRT were planned forwardly or inversely. We covered the PTV with the 95% iso-dose line, and minimized the volumes receiving higher than 110% of the dose prescribed to the PTV. Dose volume constraints for OAR were: whole lung V20Gy <20% and heart V25Gy <10%. Tomotherapy combines a rotational inverse IMRT with a translational movement of the couch 15, 16 . Volumetric arc planning was not used.
Systemic therapy.
The patients with either node-positive disease or high risk node-negative tumors received adjuvant chemotherapy after BCS. Based on tumor size, grading, hormonal receptor status and age, the risk was determined individually at the discretion of the physician. The chemotherapy regimen, adjuvant hormonal therapy and the use of Trastuzumab were detailed in our previous report 12 . Statistical analysis. Firstly, we used Pearson's chi-square test for categorical variables or Student's t-test for continuous variables to compare the demographic characteristics and clinical variables between Tomotherapy and IMRT. Then we performed multiple logistic regressions to compute the adjusted ORs and 95% CIs with SPSS software package, version 20.0 for Windows (SPSS, Chicago, IL, USA). P <0.05 was considered statistically significant.
Results
The median age of this retrospective cohort was 51 years (range, 21-81 years). Table 1 summarizes the clinical characteristics of the 216 patients, divided by planning method into IMRT and Tomotherapy. The median follow-up was 6.4 years (range: 476 days -2868 days). Forty-one patients (19%) received IMRT-SIB via Tomotherapy and 175 patients (81%) underwent IMRT-SIB. No significant difference was observed in terms of age, laterality, pathological tumor or nodal classification, pathological stage, hormonal receptors, the addition of chemotherapy or hormonal therapy, Her2 over-expression, surgical margin, V20 for whole lung, or chronic dermatological complications. Ductal carcinoma was found in 70.7% and 85.1% of Tomotherapy and IMRT arms respectively (P = 0.04). Both arms had acceptable V25 to the heart, yet the median V25 to the heart was smaller in the IMRT arm (P = 0.004).
Acute and chronic skin toxicity.
For the entire cohort, 187 patients (86.6%) had grade 0-1 acute RT-induced dermatitis. Twenty-three patients (13.1%) in the IMRT-SIB arm and 10 patients (24.4%) in the Tomotherapy arm had grade 0 dermatitis. Most of the patients who developed RT-induced dermatitis had acute grade 1 erythema during RT. In the majority of cases, 124 patients (70.9%) in the IMRT-SIB arm and 30 patients (73.2%) in the Tomotherapy arm had grade 1 dermatitis. Among 216 patients, only one patient (0.6%) had grade 3 acute toxicity. This patient was in the IMRT group. There was no grade 4 toxicity. All patients in the Tomotherapy group experienced grade 0-2 toxicity, with no cases ≥ grade 3. Forty patients (97.6%) in the Tomotherapy arm and 147 patients (84%) in the IMRT arm developed grade 0-1 skin toxicity (P = 0.021). Less patients suffered from grade 2-3 RT-induced dermatitis (P = 0.021) in the Tomotherapy arm. Twenty-seven patients (15.4%) in the IMRT-SIB arm and 1 patient (2.4%) in the Tomotherapy arm developed grade 2 dermatitis. www.nature.com/scientificreports www.nature.com/scientificreports/ Chronic grade 1 skin toxicity was recorded in four patients (1.9%). They had grade 1 late effect such as induration or fibrosis without telangiectasia. One patients in the Tomotherapy arm and 3 patients in the IMRT arm developed late grade 1 skin toxicity (P = 0.572). Table 2 shows the survival rates and the comparison between IMRT and Tomotherapy. For the entire cohort, the 5-year and 7-year OS rates were 94.4% and 93.1% respectively. Figures 1A-C are the Kaplan-Meier curves of OS, cancer specific survival (CSS) and distant metastasis-free survival (DMFS) divided by T classification (T0-1 versus T2-4). In Table 3 , univariate analysis suggested that pT0-1, pN0-1, pathological stage 0-1, ER (+), PR (+), and the use of hormone therapy were favorable prognostic factors for longer OS. After controlling for significant covariables in a multivariable model, pathological stage and ER (+) were associated with improved OS.
Survival.
Since the 7-year (100% vs 89.1%, P = 0.028, Log rank; Fig. 1D ) DMFS in Tomotherapy was significantly longer than that in the IMRT arm, we performed Cox regression as shown in Table 4 , illustrating that the pathological stage 0-1 (hazard ratio [HR], 6.974; 95% CI, 2.471 to 19.681; P < 0.001) was an independent favorable prognostic factor for DMFS in multivariate analysis. Tomotherapy did not confer a significant DMFS benefit in multivariate analysis (P = 0.971).
Discussion
To the best of our knowledge, the present study is the first to evaluate the differences of survival rates longer than five years between forward IMRT-SIB and inverse IMRT-SIB via Tomotherapy. Medical physicists specified beam parameters and manually optimized them in forward-planned IMRT which involves multi-leaf collimators to create a nonuniform fluence. On the other hand, inverse-planned IMRT uses optimization algorithms to create fluence maps and shape dose distributions 17 . Many researchers have discovered the merits of IMRT, SIB or Tomotherapy for lessening skin reaction and have reported safe short-term toxicity profiles 9,18-20 . More than a decade ago, Pignol et al. had documented that breast IMRT significantly reduced the occurrence of moist desquamation compared with the traditional wedged technique 21 . More recent methods to optimize the delivery of ionizing radiation have included three-dimensional conventional RT (3D-CRT) incorporating SIB, IMRT-SIB, VMAT-SIB and Tomotherapy 22, 23 . IMRT plans reduce the unwanted excessive dose to the breast compared with the conventional photon boost plan, especially for the patient with a deep-seated tumor [24] [25] [26] . Increasing relevant evidence has been generated to consider SIB as an alternative to traditional sequential techniques 27 .
Hammer et al., reported that when 3D-CRT incorporated SIB, chronic grade 2 fibrosis was observed in 13.4% of 546 patients 28 www.nature.com/scientificreports www.nature.com/scientificreports/ Until recently, there was no long-term result from prospective randomized trials regarding IMRT-SIB 32 . The present study demonstrated 5-year and 7-year OS, DMFS and CSS from forward IMRT-SIB and inverse IMRT-SIB via Tomotherapy. In the present study, positive ER (HR, 0.259; 95% CI, 0.093 to 0.725; P = 0.010) was an independent favorable prognostic factor and having pathological stage 2-4 (HR, 3.223; 95% CI, 1.131 to 9.182; P = 0.028) was an independent unfavorable prognostic factor. The mechanism for the significantly longer 7-year DMFS in Tomotherapy arm is unclear (100% vs 89.1%, P = 0.028), since there were more infiltrating ductal carcinomas (IDC) in the IMRT arm (85.1% vs 70.7%, P = 0.04). Other pathological types included infiltrating lobular carcinoma (ILC) and mucinous carcinomas were more common in the Tomotherapy arm. Chen et al. reported that the prognosis of ILC is poorer than that of IDC 33 . They found higher percentages of metastatic lymphadenopathy and distant metastases in ILC. Some studies have reached different conclusions and documented that ILC had better prognosis than IDC 34, 35 . One study suggested that ILC had higher risk of metastatic disease 36 . Our multivariable analysis revealed that only pathological stages 0-1 (HR, 6.974; 95% CI, 2.471 to 19.681; P < 0.001) was an independent favorable prognostic factor for DMFS (Table 4) . SIB delivers different doses to different target volumes within a single RT fraction 15 . It reduces the overall treatment time and lowers the expense for patients 37 . We believe SIB is more economically efficient in terms of time and money. Tomotherapy appears to improve target coverage while sparing OAR because of its high conformity; when paired with SIB, it maintains the ability to deliver adequate dose coverage 38 . Studies have reported that helical Tomotherapy avoided unnecessary breast overdose while improving ipsilateral lung dosimetry 16, 38 ; furthermore, static ports of Tomotherapy in TomoDirect were proven to prevent unwanted dosages to the surrounding normal tissues 39 . Tomotherapy significantly reduced cardiac doses and slightly increases in dosage to other tissues in left-sided breast cancer patients with poor cardiac anatomy 17, 20, [40] [41] [42] . Mean heart dosage is a good prognosticator to monitor the heart sequelae 43 . In the present study, mean dosage to the heart was 4.9 Gy in the Table 4 . Univariate and Multivariate Cox regression analyses of co-variables associated with distant metastasisfree survival. Abbreviations: IMRT: intensity modulated radiotherapy.
